The 75 , were studied by in-situ X-ray diffraction at elevated temperatures up to 900°C. The coatings were deposited by DC reactive magnetron sputtering from a pure tungsten target in an Ar + O 2 atmosphere onto Fecralloy alloy. The evolution of the structure of the coatings was studied in both protective and oxidant atmospheres. Three groups of films were identified: (1) W 25 O 75 which showed structural evolution following the W-O phase diagram; (2) amorphous O-deficient WO 3 whose structure followed the W-O phase diagram either as WO 3 or as its chemical composition depending on annealing in oxidant or protective atmospheres, respectively; and (3) low O-content crystalline films that oxidized from 500°C.
Introduction
Tungsten oxide is a very important semiconductor material. It has been found to have great application as an electrochromic device [1] , as a semiconductor gas sensor [2] or for use in catalytic activity [3] as confirmed by the great number of publications in the field. However, the majority of these studies dealt with tungsten trioxide, while sub-stoichiometric tungsten oxides have not been yet intensively studied. Moreover, tungsten is one possible material for the inner wall of a fusion reactor [4] .
In the W-O phase diagram [5] the most important monophase regions are α-W, WO 2 and WO 3 corresponding to three oxidation states of tungsten, W, W 4+ and W 6+ [6] . There are also many phases with chemical compositions between WO 2 and WO 3 , such as W 18 O 49 , W 24 O 68 , W n O 3n−2 and W n O 3n−1 [5] . WO 3 itself is known as a polymorphous material that can exist as a function of the temperature, as triclinic, monoclinic, orthorhombic and tetragonal forms [7] ; moreover, a hexagonal form can be synthesized under special conditions [8] . With low oxygen content, a metastable W phase, known as β-W but also attributed to β-W 3 O, can also be observed [9] .
Among many deposition processes of tungsten oxides, reactive sputtering is one of the most versatile. Metastable structures can be easily deposited with this method, such as supersaturated solid solutions of oxygen in the α-W phase, nanocrystalline or amorphous phases, as reported in a previous author's work [10] . In that study, W-O coatings were deposited and structurally characterized at room temperature. The structure of the coatings could be divided into four distinct zones: i) crystalline films with oxygen in solid solution in the b.c.c. α-W or f.c.c. β-W (or β-W 3 O) phases [for oxygen content lower than 30 at.%]; ii) in the range of oxygen from 30 up to 67 at.%, the coatings were amorphous; iii) a transition region with a quasi-amorphous structure was defined in the range [67 at.% b O b 75 at.%]; and iv) WO 3 nanocrystalline structure was observed in the case of the coatings with compositions close to that of stoichiometric WO 3 . All the coatings with oxygen content higher than 30 at. % exhibited short-range order and, thus, it would be important to investigate their crystallization temperature. On the other hand, all coatings deficient in oxygen should, in a normal atmosphere, incorporate oxygen to reach stoichiometric composition. Therefore, knowledge of the structural evolution and the oxidation of W-O coatings at elevated temperatures could be important for many applications. For instance in tribological applications at elevated temperatures, W-based coatings gain importance once they can form WO 3−x , a phase belonging to the group of the "Magnéli-phases" which are known to perform as solid lubricants [11] .
The aim of this investigation is to study the thermal stability of W-O thin films deposited by DC reactive magnetron sputtering with a broad range of oxygen content, in normal and protective environments in order to distinguish the oxidation and crystallization phenomena. The analysis of the coatings is focused mainly on the structural changes during in-situ X-ray diffraction at elevated temperatures.
Experimental details
Using an industrial prototype DC reactive sputtering machine, 2.5 μm thick tungsten oxide coatings were deposited onto polished Fecralloy ( The deposition parameters were as follows: target current density J W = 6 mA cm − 2 , inter-electrode distance of 65 mm, substrate bias of − 70 V, no substrate rotation and pumping speed S = 100 l s − 1 . Before deposition, an ultimate vacuum pressure lower than 3 × 10 − 4 Pa was reached and the substrate surface was ion cleaned with an ion gun. The cleaning procedure included a first electron heating, up to temperatures close to 400°C and, afterwards, an Ar + bombardment for 8 min (ion gun settings at 20 A, 40 V and substrate at − 100 V).
The chemical composition of the coatings was determined by a Cameca SX-50 electron probe microanalysis apparatus (EPMA) and the structure of the films was analysed by X-ray diffraction (XRD) using a Philips diffractometer with Co-Kα radiation in Bragg-Brentano configuration. The XRD equipment was provided with a high temperature chamber consisting of a platinum filament where the samples were attached using conductive glue. In this way the samples could be heated up to 1200°C and in-situ annealed at high temperature. In the latter case, before introducing gas, the chamber was pumped down until a vacuum better than 10 − 3 Pa was reached. The XRD analysis was performed in room (air with relative humidity ∼ 50%) and protective (Ar + H 2 ) atmospheres. The XRD patterns were fitted using a Voigt function permitting several characteristics, such as the peak position (2θ), the peak intensity and the full width at half maximum (FWHM) to be determined. The identification of the diffracted phases in the XRD patterns was done by comparing the position of the peaks with those of standard phases existing in the International Centre for Diffraction Data (ICDD) database [12] .
Results and discussion

As-deposited coatings
The deposition parameters and the chemical compositions of tungsten oxide coatings are summarized in Table 1 . As the oxygen flow increased from 0 to 17 sccm, the total pressure, target potential, oxygen content and deposition rate (DR) progressively increased from 0.2 to 0.32 Pa, from 405 to 658 V, from 0 to ≈ 73 at.% and from 2.0 to 5.4 nm/s, respectively. For 20 sccm the oxygen flow of the total pressure jumped to 0.48 Pa, the target potential decreased down to 578 V, the amount of oxygen in the coating slightly increased to 74.5 at.% and the deposition rate decreased to 2.3 nm/s, as a consequence of target poisoning, as described elsewhere [13] .
Structural evolution
Bearing in mind the achievements of previous research [10] , from all the deposited coatings ( Table 1) only some of them, gathered in three groups, were selected for the structural characterization at elevated temperature, according to their composition and structure at room temperature: i) the W 25 O 75 coating, since no further oxygen incorporation is possible and only phase transformations were expected; ii) two amorphous coatings at room temperature, W 54 O 46 and W 30 O 70 , which were analysed in protective atmosphere to analyse crystallization, and in air to investigate the incorporation of the oxygen in the coating and consequent formation of new phases; iii) the crystalline W 100 and W 90 O 10 coatings, which were analysed only in oxidant atmosphere since these coatings already exhibited crystalline phases at room temperature, α-Wand a mixture of α-Wand β-W (β-W 3 O), respectively. The structural evolution of the W 25 O 75 coating with increasing temperature is shown in Fig. 1 . This coating has WO 3 stoichiometric composition and, thus, only thermal transformations are expected due to the highest oxidation level of W-metal. According to the phase diagram [5] , the structure evolution for this chemical composition should be as follows: monoclinic from room temperature up to 330°C, orthorhombic between 330 and 740°C and, finally, a tetragonal structure up to 1230°C. Due to the high level of energy involved in reactive magnetron sputtering, this method can easily lead to metastable structures [14] as demonstrated in this case, since this coating exhibited a quasi-amorphous structure. Applying a peak deconvolution and Scherrer equation to the broad peaks placed at 2θ between 25 and 35°and 2θ between 35 and 45°, it is possible to affirm that the coherent domain of diffraction has values close to 1 nm. The mean position of these peaks was calculated, close to 2θ = 29.1 and 40.7°, range of 2θ where a concentration of the main diffraction peaks of crystalline orthorhombic and tetragonal planes of WO 3 were placed (ICDD cards nr. 71-0131 and 85-0807, respectively). No significant variation was visible up to 300°C, with the exception of a small shift in the peaks' positions to 28.5 and 41.9°, respectively, which is probably related to the dilatation induced by the temperature. At 400°C the coating crystallized in the orthorhombic structure, which remained up to 700°C. The analysis of these phases in the range between 25 and 30°permitted three peaks corresponding to (002), (020) and (200) plans to be detected. The evolution of the lattice parameters, a, b and c, of this structure between 400 and 700°C, calculated using the equation [15] :
where d is the interplanar distance, and h, k and l are the Miller indexes, is shown in Fig. 2 . An increase in the parameters a and c can be observed, which agrees well with the expansion induced by the heating of the coating; however, the value of the parameter b remained almost unchanged. In spite of the similar intensity of all three peaks according to the ICDD card nr. 71-0131, a strong orientation following the (002) plan is detected. With increasing temperature the intensity of the (020) plan progressively decreases whereas those of the (200) plan increases. At a temperature of 800°C, the structure transformed into the tetragonal phase. For the two main peaks, (001) and (110), in the diffraction region of 2θ = 25-30°, a good correlation with the orthorhombic structure (o-WO 3 ) could be found, as can be concluded from the extrapolation of the interplanar distances of the (002) and (200) from 400 to 700°C, to the positions of plan (001) and (110) of the tetragonal structure at 800°C, in Fig. 2 .
At 900°C, new peaks could be detected in the XRD pattern, corresponding to tungstate phases A 2 (WO 4 ) 3 (A = Fe, Cr or Al) [16] as a consequence of the inter-diffusion of elements (Fe, Cr and Al) between the film and the substrate. The most probable element for A is aluminium (Al 2 (WO 4 ) 3 , ICDD card nr. 81-2415) since, according to Tolpygo et al. [17] , at 1000°C only α-Al 2 O 3 is observed during the oxidation of Fe-Cr-Al alloys. That means that at high temperatures, aluminium should enrich the substrate's surface closest to the coating. In fact, when one of these samples was oxidized up to 1300°C, at the end of the test only Al and O were found on the surface by EDX, since all the WO 3 oxide had sublimated from 1000°C on [5] . (110) and (001) plans of the t-WO 3 structure are 0.37278 and 0.39200 nm, respectively. After heating at 900°C, the sample was cooled down to room temperature leading to the transformation of the tetragonal phase in monoclinic WO 3 structure (m-WO 3 Fig. 3 . At room temperature, as shown in previous work [10] , these samples exhibit a quasi-amorphous structure with a coherent domain of diffraction close to 1-1.2 nm. However, they have a different short-range organization: the sample W 30 O 70 has a similar structure to the W 25 O 75 sample, with two broad peaks centred in positions close to 30 and 40°whereas the W 54 O 46 coating only exhibits one broad peak centred at 2θ = 45.2°, which could be attributed to the position of the (110) α-W line [10] .
There was no transformation of the structure in protective atmosphere up to 600°C; at 700°C, the quasi-amorphous structure of these samples started to crystallize according to the phase diagram and their composition. 4 and 5. Up to 400°C, the structural evolution of these coatings is similar to that in protective atmosphere. However, oxide diffraction peaks close to 2θ≈26-28°, 33°and 38-40°, started to appear at 500°C. Between 500°C and 600°C the coatings were composed of a mixture of amorphous and WOxides. Using the peak deconvolution to describe the XRD pattern at 500 and 600°C for both samples, the area of the amorphous part corresponds to 66% and 11% for the sample W 30 O 70 and 77% and 23% for the sample W 54 O 46 at 500 and 600°C, respectively, see Fig. 6 . This apparent increase in the stability of the quasi-amorphous part for the low oxygen coating is a result of the higher absolute intensity of the quasiamorphous structure at room temperature of the coating W 54 O 46 . The oxide phase formed at temperatures up to 700°C can be indexed as o-WO 3 . At 500°C, only two main peaks could be observed in the XRD pattern in the region 25-30°of these samples. All ICDD database cards of W n O 3n−2 or W n O 3n−1 have two peaks in this zone, suggesting that the crystallized phase could be attributed to these oxides. However, the small peak centred at 2θ = 33°, does not belong to these ICDD cards but to WO 3 phases which make that suggestion untenable. Initially, the temptation was to index the XRD pattern to the tetragonal WO 3 , the only form having only two peaks in the region 25-30°. However, this phase is only stable at temperatures higher than 740°C, and there is every chance that the correct phase is o-WO 3 . This was confirmed by the peak's deconvolution of the pattern since a third peak has to be added in that region to absolutely fit the XRD pattern. In conclusion, the structure must be orthorhombic WO 3 with a (002) preferential orientation at 500°C, the (020) being very close to the (200) reflection. At 600°C the structure remains with the same (002) preferential orientation but with (020) winning intensity in comparison to (200) .
According to the analysis performed in protective atmosphere, at 700°C the quasi-amorphous structure crystallized as equilibrium phases. As in room atmosphere all the amorphous structure disappeared at 600°C and only o-WO 3 phase was detected. Thus, it can be concluded that the oxidation of the coatings took place even before they changed their as-deposited structure, i.e. O was incorporated until WO 3 stoichiometry was reached, meaning that the first crystalline phase detected during the annealing was o-WO 3 .
At 800°C, t-WO 3 with (001) orientation was detected following the equilibrium evolution of the W-Oxide. At 900°C, peaks corresponding to the A 2 (WO 4 ) 3 are visible (see Section 3.2.1) as a result of the inter-diffusion of substrate elements. However, the peaks corresponding to the tungsten oxides changed to the hexagonal WO 3 structure (h-WO 3 , ICDD card nr. 85-2459). The h-WO 3 phase is probably a result of the influence of the experimental settings. The analysis was done at room atmosphere with ∼50% of humidity and these conditions promote the stabilization of h-WO 3 structure [8] . The h-WO 3 phase exhibited (00.2) orientation at 900°C and (10.0) orientation after the cooling down to room temperature.
Coatings W 100 and W 90 O 10
Since W 100 and W 90 O 10 coatings exhibited a crystalline structure at room temperature, the structural analysis was only performed in room atmosphere in order to investigate the oxidation process at elevated temperatures. This study will be completed by the analysis of the mass variation (weight gain) as a function of the temperature measured by thermogravimetric method, a process now underway [18] . Nevertheless, the oxidation analysis of pure tungsten films can be found in Ref. [19] .
The structure of these coatings at room temperature is α-W with (110) preferential orientation and a mixture of α-Wand β-W 3 O for W 100 and W 90 O 10 , coatings, respectively (Figs. 7 and 8 ). The structure is stable up to 500°C, with the exception of the vestiges of oxide peaks close to 2θ = 26°detected at 500°C. The intensity of these peaks significantly increased at 600°C. Thus, the XRD patterns of both samples exhibit at 600°C a mixture of an oxide phase (formed at 500 and reinforced at 600°C) and a residual crystalline phase of the as-sputtered coatings. All the as-deposited part disappeared completely at 700°C.
In case of W 90 O 10 coating, the oxide phase at 600°C is the o-WO 3 form. The structure evolution for higher temperatures follows that of W 25 O 75 sample, i.e. change to t-WO 3 at 800°C and inter-diffusion at 900°C. W 100 sample showed a somewhat more complicated evolution. In fact, the first formed oxide has a sub-WO 3 composition and is strongly oriented. The XRD pattern at 700°C shows peaks corresponding to the tetragonal W 5 O 14 phase (only the (600) and (001) reflections are visible). At 800°C the generated phase is t-WO 3 , and a substrate peak could be detected at 2θ close to 51.4°. The presence of this peak is a consequence of the mechanical instability of the oxide layer and its flaking off of the coated sample. This behaviour is described somewhere [18] showing that the flaking off starts at a temperature close to 740°C. As a conclusion, the growth evolution of the oxide phase and the oxidation process for the sputtered coatings deficient in oxygen can be considered to take place layer by layer, i.e. the surface of the coatings in Fig. 9 . Summary of the structural evolution of the studied samples as a function of the temperature. contact with the atmosphere forms a sub-oxide that will grow to a WO 3 phase. At the same time a sub-layer starts to oxidize from the sputtered coating and, so, in the range of 600 and 700°C, the coating is composed of three layers, from the substrate up: i) the unoxidized sputtered coating, ii) the suboxide layer and iii) the WO 3 top layer.
Conclusions
The structural stability of tungsten oxide thin films deposited by DC magnetron sputtering in Ar-O 2 reactive atmosphere was studied. With increasing temperatures two reactions in the coating can occur: crystallization (for the amorphous films) or phase transformation and oxidation. 75 . The structure of these coatings at room temperature was a function of the oxygen content: α-W and α-W + β-W 3 O; amorphous and nanocrystalline phases were developed for coatings with low, medium and high oxygen content. Fig. 9 summarizes the main structural evolution. As the temperature increased, generally up to 500°C, no alteration was registered in the as-deposited structure except W 25 O 75 sample that changes to o-WO 3 at 400°C. The structure evolution of W 25 O 75 sample with increasing temperature is in accordance with the phase diagram and, at 900°C, interdiffusion between the film and the substrate occurs forming the Al 2 (WO 4 ) 3 phase. O-deficient WO 3 coatings tested in normal atmosphere start to oxidize at 600°C and at 700°C no vestiges of the as-deposited structure were observed. Testing in protective atmosphere showed that the beginning of the crystallization occurs at 700°C and follows the phase diagram, β-W + WO 2 This study will be completed with the study of the oxidation mechanisms, which is now underway.
